Objective: This study tests the hypothesis that functional adaptation occurs in human joints, and that substantial differences in joint 'loading history' explain the phenotypic variability observed in human cartilage morphology.
Introduction
One of the most intriguing questions in musculoskeletal research is to what extent the morphology and quality of the connective tissues are determined by a fixed genetic program, and to what extent they can be modulated postnataly by mechanical stimulation. The theory of 'functional adaptation' of tissue quantity and structure to its physiological usage has been formulated as early as 1881 by Roux 1 , whose ideas were based on those of Lamarck 2 and Darwin 3 . Although mechanical loading events and connective tissue adaptation processes occupy different time scales (the first being encountered in fractions of seconds, and the second taking place over several weeks and months), it has been demonstrated that mechanical 'loading histories' profoundly influence skeletal development, growth, and adaptation [4] [5] [6] [7] . This is most evident in muscle and bone, in which immobilization or space flight leads to a relatively immediate loss of tissue, and in which intense physical training can cause substantial increases in tissue mass [7] [8] [9] [10] . Twin studies have revealed that about 50% of the variability of peak bone mineral content and density are determined by genotype 11, 12 , but that the other half depends on life style and epigenetic factors, such as nutrition and mechanical loading.
It is, however, currently unknown whether human joints functionally adapt to mechanical stimulation. It is also unclear, whether the large phenotypic variation seen in human cartilage morphology 13, 14 can be explained by variable levels in physical activity. Given the increasing socio-economic impact of joint disease 15 , this issue is also important from a clinical and epidemiological point of view. Determining the physiological window within which (and the mechanism by which) joints adapt to mechanical loading may permit the development of evidence-based concepts to prevent degenerative joint disease, by determining the threshold at which tissue adaptation is exceeded and irreversible cartilage damage occurs, and may help to promote tissue healing after joint injury and trauma 16 .
In vitro studies have demonstrated that chondrocyte metabolism can be effectively enhanced by dynamic loading 17, 18 , and some (but not all) animal studies have shown an increase in cartilage thickness after moderate running training [19] [20] [21] [22] [23] [24] . Investigations in humans have been impossible until very recently, since articular cartilage could not be quantified under in vivo conditions. This methodological limitation has, however, now been overcome by the development of fat-suppressed gradient echo magnetic resonance (MR) sequences [25] [26] [27] , and three-dimensional (3D) digital post-processing techniques [28] [29] [30] [31] that have been specifically designed for quantitative analyses of articular cartilage in vivo. Based on these novel methods, the cartilage volume, thickness, and joint surface areas can be quantified with a high degree of accuracy [26] [27] [28] [30] [31] [32] [33] [34] and precision [26] [27] [28] [29] 31, 35 . Moreover, MR signal intensity of articular cartilage has been suggested to correlate with the biochemical composition of the tissue 31, 36 , providing potential insight into its internal adaptation to mechanical stimuli.
The current study has been designed to test the hypothesis that functional adaptation occurs in human joints, and that substantial differences in joint 'loading history' explain the phenotypic variability observed in human cartilage morphology (e.g. differences in cartilage volume, thickness, surface areas, and MR signal intensity 13, 14, 31, 36 ).
Material and methods

STUDY SAMPLE
We examined 36 healthy individuals (18 women and 18 men) without symptoms or signs of musculoskeletal disease, no history of pain, trauma, or operations of the knee, and no history of fracture or immobilization. The individuals were selected to obtain groups with maximal differences in the loading history throughout childhood, adolescence, and adulthood. To minimize the probability of including individuals with asymptomatic early cartilage lesions, we selected athletes, whose joints were subjected to frequent, intermittent mechanical stimulation (triathlon), but had not encountered high impact loading or ligament injury. Nine women and men had performed training for at least 10 h per week for the last 3 years (throughout summer and winter), and had practised sports on a regular basis throughout life. The nine other women and men had been physically inactive: They had never practised sports for more than 1 h per week, and had no job which involved physical activity. To avoid an confounding impact of obesity, individuals with a high body mass index (BMI>25) were not included in the study. Table I shows the data for age, body weight, body height, and BMI in the 4 groups. The age range was 19-31 years. There was no significant difference in body weight, height, or BMI between physically active and inactive individuals (Table I) .
MR IMAGING, DIGITAL POSTPROCESSING, AND STATISTICS All individuals were asked to physically rest for 1 h before the investigation, to avoid load-induced compression of the cartilage prior to imaging 37 . MRI was performed at the right knee joint with a 1.5 tesla magnet (Magnetom Vision, Siemens, Erlangen, Germany), a circumferentially polarized extremity coil, and a validated 31, 32, 34 fatsuppressed, three-dimensional gradient echo sequence (FLASH-3D: TR=45 ms, TE=11 ms, FA=30°). Sagittal images were obtained at a section thickness of 2 mm and an in-plane resolution of 0.31×0.31 mm 2 (Fig. 1 ). Informed written consent was obtained from all volunteers prior to imaging, the study protocol having been ratified by the local ethic committee.
All data sets were transferred digitally to a workstation (Octane Duo, Silicon Graphics, Mountain View, CA) with a high-performance graphic system. Segmentation of the patellar, tibial, and femoral cartilage was performed interactively on a section by section basis with a B-spline Snake (deformable contour) algorithm 38 . The cartilage volume was determined from the number of voxels included in the segmentation of each cartilage plate, and the size of the joint was calculated after interpolation and triangulation of the surfaces 14 . The mean and maximal cartilage thickness were computed by 3D Euclidean distance transformation, independent of the original section position and angulation 29 , at approximately 1000 points per cm 2 of the joint surface. The intraobserver/interscan precision errors for volume and thickness computations have been shown to amount to between 2 and 3% for patellar and femoral cartilage and to between 3 and 4% for tibial cartilage at the given resolution and section orientation 35 . The interobserver precision errors were found to be larger 38 , but these did not apply to the current analysis, since comparisons between cartilage plates were performed by the same observer. showing the knee joint cartilage plates and the phantom for determining their standardized signal intensity. The phantom is labeled with an arrow.
The mean signal intensity of each cartilage plate was determined by averaging the intensity values of all voxels included in the segmentation, and by normalizing these to a copper-sulphate agarose phantom in the image (Fig. 1) .
Quantitative data for the entire knee joint were derived by adding up the volumes and surfaces of the individual cartilage plates. The mean cartilage thickness and MR signal intensity was derived by adding up the mean values of all cartilage plates, and by weighing them in proportion to the total knee joint surface area 14 . Differences between groups were evaluated for statistical significance using a non-parametric test (Mann-Whitney U-test).
Results
TOTAL KNEE JOINT
The total knee joint cartilage volume was 17.9±2.2 ml in physically inactive women, and 23.0±2.7 ml in inactive men (+28.5%; P<0.01). The volume was not significantly higher in triathletes [18.9±2.4 ml (+5.5%) in women, and 25.3±3.1 ml (+9.8%) in men].
The mean knee joint cartilage thickness in physically inactive volunteers was 1.86±0.24 mm in women, and 2.01±0.31 mm in men (+8.3%; difference not significant). Again, the thickness was not significantly different in the triathletes [1.93±0.23 mm (+4.2%) in women, and 1.99±0.27 mm (−0.9%) in men].
The size of the joint surface areas of the knee joint was 88.9±8.2 cm 2 in the physically inactive women, and 110.0±5.6 cm 2 in inactive men (+23.7%; P<0.001). The values in the triathletes were, however, significantly (P<0.01) higher in males (120.0±5.3 cm 2 ; +8.8%). They were also higher in females (95.2±7.3 cm 2 ; +7.0%), but the difference did only attain borderline significance (P=0.08).
The cartilage MR signal intensity in the physically inactive women was 1.25±0.11, and 1.16±0.12 in inactive men (−7.6%; difference not significant). The signal intensity was not significantly different in the triathletes [1.19±0.16 (−6.9%) in women, and 1.16±0.10 (−1.2%) in men].
SINGLE CARTILAGE PLATES
The values for the patella, tibia and femur are shown in Figs 2-5, and the differences between physically inactive volunteers and triathletes are given in Tables II-IV. Male triathletes displayed a significantly larger patellar cartilage volume and joint surface area (+15.0%; P<0.05, and 11.9%; P<0.05, respectively, Table II ). The joint surface area was also significantly larger in the lateral tibia of the male (+16.4%, P<0.05), and in the medial tibia of the female triathletes (+18.9%; P<0.05).
The cartilage thickness was not significantly different between triathletes and inactive volunteers in any of the surfaces, and the same applied for the cartilage MR signal intensity. However, intensity values in the patella (1.34±0.14) significantly (P<0.001) exceeded those in the femur (1.17±0.13), in the medial (1.14±0.14) and in the lateral tibia (1.13±0. 15 ).
Discussion
In this study we test the hypothesis that functional adaptation occurs in human joints, and that substantial differences in joint 'loading history' explain the phenotypic variability observed in human cartilage morphology 13, 14, 31, 36 . Recent developments in MR imaging and digital post-processing technology 26, [28] [29] [30] [31] 38 now permit, for the first time, to address the question of functional adaptation of joints and cartilage to mechanical stimulation in a human setting. These methods have been shown to provide accurate [26] [27] [28] [30] [31] [32] [33] [34] and reproducible 26, 29, 31, 35 three-dimensional data on relevant parameters of knee joint cartilage morphology in vivo. It has also been demonstrated recently that the long-term precision (image acquisitions several months apart) is only marginally lower than that observed under short-term imaging conditions, and that even under these conditions the precision errors are considerably lower than the intersubject variability observed in this and other studies 39 .
In a prior study, we have reported that male triathletes do not display significant differences in cartilage thickness compared with inactive controls 40 . With new software having become available 14, 31, 36 we are now able to also address the question of differences in joint surface areas and cartilage signal intensity. Additionally we have studied female triahletes and volunteers, to assess potential gender-specific effects of physical exercise.
The men and women selected for this investigation were chosen to display substantial differences in 'loading history', but no differences in body constitution (height, weight, and BMI). The volunteers were young, had no history of knee pain or trauma, and showed no visible lesions in the MRI scans; they can therefore be assumed to display normal cartilage.
We found no differences of normalized MR signal intensity between triathletes and physically inactive individuals, neither in men nor in women. It should, however, be noted that the current approach has some limitations: The phantom had to be positioned below the patella and may-in view of the different sizes of the knees-not have had a consistent position relative to the extremity coil. The signal intensity of the phantom, therefore, may vary due to an inhomogeneous nature of the signal acquired from the periphery of the coil, and this may have introduced a random error to the analysis. However, we did observe systematic differences between knee joint cartilage plates (which are not affected by normalization), the values in the 
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patella exceeding those in the femur and tibia. Since the articular surface of the patella was orientated parallel, and the surface of the tibia perpendicular to the main magnetic field (B 0 ), and because the signal intensity was analysed throughout the entire cartilage plate, we do not believe that this difference is due to a magic angle effect and to differences in orientation within the magnet. Froimson et al. 41 found that the human patella displayed the highest water content and most compliant cartilage amongst the knee joint surfaces. These authors hypothesized that this may cause the high susceptibility of patellar cartilage to arthritic changes. It should be noted that the signal intensity of the MR sequence in use (fat-suppressed spoiled gradient echo) cannot be attributed to a specific biochemical component of the cartilage (proteoglycans, collagen, or interstitial fluid), since quantitative MR-based analyses of specific biochemical tissue fractions are still experimental and remain to be validated. However, our study suggests that with the given protocol differences between athletes and physically inactive volunteers are less than the differences between the patella and other knee joint cartilage plates.
In view of results obtained in training animals [19] [20] [21] [22] [23] [24] , the finding of unchanged cartilage thickness in athletes was unexpected. As against this, however, the size of the joint surface area appears to be modulated by differences in 'loading history'. Comparable relationships were observed for gender differences: Men and women are shown here to display significant differences in joint surface areas (as well as in body weight and height), but not in cartilage thickness. These findings may thus reveal a general principle of joint development, species with larger body weights not displaying thicker joint cartilage than humans 42 , but larger joint surfaces. Our results suggest that functional adaptation of human joints may occur during growth, with mechanical stimuli guiding the enchondral ossification process to form larger epi-and metaphyses. As a speculation, these adaptive processes may be recapitulated in osteoarthritis, in which osteophytes form to increase the joint surface. Against this, the intensity of mechanical loading does not appear to be the mechanism by which enchondral ossification is prevented from reaching the articular surface, as hypothesized by Carter and co-workers [4] [5] [6] [7] 43 . The thickness variation observed between individuals 14,31,39 must therefore have other sources than deviations in the intensity of physical activity, and our findings suggest that human cartilage cannot be modulated postnataly by an increase in mechanical stimulation. The lack of adaptation of the thickness of immature or mature cartilage to mechanical stimuli is in contrast to the processes observed in other connective tissues, such as muscle and bone. The latter show obvious adaptation in cross-sectional area and intrinsic structure to the applied mechanical load. Dalen and Olsson 44 reported higher bone mass in cross-country runners vs sedentary controls, and Jones et al. 45 found a 35% greater humeral cortical thickness in the dominant arm of male/female professional tennis players compared with the contralateral side. The reason for this difference in mechanobiological adaptability may be that-beyond a certain 'critical' threshold-an increase in cartilage thickness is functionally disadvantageous and renders cartilage metabolism problematic. The knee (in particular the patella) displays the thickest cartilage in the human body 46 , and it has been frequently argued that this is because the highest loads are encountered there. It may well be that this 'critical' thickness has been reached in this joint, explaining why it is the site of earliest and most frequent cartilage damage in human osteoarthritis (OA) 40, 47 .
Cartilage metabolism may be impaired in thicker cartilage, since the tissue is avascular and depends on diffusion of nutrients and waste products. More importantly, the ability of the cartilage to transmit loads may be reduced with increases in thickness, because it does not function as an elastic buffer. In case of elastic damping, a thicker layer would provide better load absorption. Instead, the tissue has been shown to represent a biphasic material, in which the mechanical properties depend on the interaction of a complex macromolecular matrix and the interstitial fluid 48 . It has been predicted in theoretical models that optimal load transmission and tissue integrity are guaranteed by hydrostatic pressurization of the interstitial fluid 49, 50 . This mechanism is assumed to be crucial for protecting the proteoglycan-collagen matrix from excessive strain, and in preventing the onset of OA. With thicker cartilage, the ability of the fluid to build up hydrostatic pressure may be impaired, since there is more space for it to displace radially from the site of instant contact. In fact, theoretical models by Wu et al. 50 predicted that matrix stresses are elevated in thicker cartilage. In contrast, with larger contact areas radial fluid flow from instantly loaded to non-loaded cartilage is restricted, the region of hydrostatic pressurization becomes larger, and the mechanical forces are distributed over a wider area. This represents an effective mechanism to reduce the stress at the joint surface and-in particular-within the vulnerable proteoglycan-collagen matrix.
These considerations may provide an explanation why the relevant biological mechanism for reducing cartilage stress is an increase in joint surface area, rather than thickening of the cartilage. Stresses within the cartilage cannot be currently measured experimentally, and quantitative analyses are therefore confined to numerical mathematical analyses 49, 50 . This study, however, lends support to the concept that hydrostatic pressurization is the biologically relevant mechanism of load transmission in diarthrodial joints, by demonstrating that the adaptational processes are directed towards increasing hydrostatic pressure in the cartilage rather than to elevate elastic damping properties.
In conclusion, this study uses novel imaging and postprocessing technology to address the question of functional adaptation of human joints to their mechanical environment. Our findings suggest that, opposite to muscle and bone, cartilage thickness is not modulated postnataly by an increase in mechanical stimulation, but that male and female athletes display larger joint surfaces than physically inactive volunteers, despite similar body dimensions. This finding may reveal a general principle in the development and functional adaptation of diarthrodial joints, elucidating an important mechanism for reducing mechanical stress in biphasic cartilage layers.
